INTRODUCTION
Sycamore aphids kick when closely approached by another aphid, which then often moves away. This results in a spacing out of the aphids (Dixon 1963 ). Although they repel one another, the aphids also attract one another and settle so that they can just touch their neighbours with their antennae. This is described as 'spaced-out gregariousness' by Kennedy & Crawley (1967) . They conclude that sycamore aphids space themselves so that there is a definite distance, independent of the density, at which each aphid prefers to maintain its nearest neighbour. Observations on the sycamore aphid in the field, however, suggest that the spacing of the aphid is dependent on the number of aphids present. The aim of this study is to determine the effect of population density on the spacing of the sycamore aphid.
MATERIALS AND METHODS
The under-surface of infested sycamore leaves in both the field and laboratory were photographed, and the distance between each aphid and its nearest neighbour was measured on the print as described by Kennedy & Crawley (1967) . The results on the spacing of the aphid were analysed in the way described by McLaren in the statistical appendix to the paper by Kennedy & Crawley. The sycamore aphid tends to settle in groups on the under-surface of a leaf, and the proportion of a leaf occupied by aphids was taken as the area occupied by the groups of aphids plus a zone 5 mm wide extending from the peripheral aphids in each group. Experiments in the laboratory were done on detached sycamore leaves 60-100 cm2 in area. Each cut petiole was inserted through a hole in the cork of an 8 x 3 cm glass specimen tube filled with water. The tube was clamped so that the leaf lamina was in a horizontal position, and the petioles of the leaves were ringed with a banding gum to prevent aphids walking off the leaf. Aphids were placed on the upper surface of a leaf either with the aid of a fine paint brush or by flicking them out of a tube. Before experimenting with adult aphids they were anaesthetized with carbon dioxide, and the tips of the wings of all of them, and the antennae of half of them, were cut off with fine scissors. The removal of the wings prevented the aphids from flying away. The aphids were allowed 30 min to recover from the anaesthetic and any that failed to recover or showed signs of damage were rejected. Third instar aphids were allowed 24 h, and adult aphids 1 h to settle down on a leaf before the underside of the leaf was photographed. Experiments in the laboratory were carried out at 18? C and a photoperiod of 17 h in a plant growth room. Experiments on spacing of the aphid in the dark were done on leaves that were covered with a light-proof box. Slopes (regression coefficients) and elevations of the regression lines relating spacing to population density were analysed between treatments and aphid instars.
OBSERVATIONS ON THE SPACING OF SYCAMORE APHIDS UNDER NATURAL CONDITIONS
In most years during the summer months the sycamore aphid goes into a reproductive diapause (Dixon 1963 (Dixon , 1966 . This is a convenient time to study the spacing of adult aphids as nymphs are absent or rare and the adults are usually abundant. Towards the end of summer many aphids migrate and numbers on the leaves decline (Dixon 1969) . This makes it possible to study spacing over a range of population densities. To determine the effect of population density on spacing of the aphid the distribution of the aphids relative to one another on six leaves was recorded at 5-day intervals from mid-July to late August 1961. On one of the leaves the number of aphids present fell in 5 days from 494 (220/100 cm2) to 267 (120/100 cm2), and associated with this was a decrease in the proportion of aphids spaced at very short distances apart (Fig. 1) . As the nearest-neighbour distances are not independent observations, it is difficult to draw firm statistical conclusions about this distribution. However, it is likely that the spacing of the aphid is dependent on the number of aphids present.
The statistical difficulty can be overcome by considering the proportion of aphids at each observation, at a particular spacing. Considering all the forty-one observations on the six leaves, the proportion of aphids on each leaf at each observation at distances greater than 1 cm from other aphids shows a curvilinear relationship with the number of aphids present per unit area of leaf (Fig. 2) . The fewer aphids there are on the leaf, the more likely it is that an aphid will settle at a distance greater than 1 cm from another aphid. At low densities, aphids might find difficulty in locating other aphids and therefore settle some distance from other aphids. On sparsely infested leaves half the aphids were spaced well apart. At high densities aphids occupy a large proportion of a leaf (Fig. 3 ) and an aphid is less likely to fail to locate another aphid on moving on to a leaf. In determining the effect of population density on the proportion of aphids in the closer spacings all aphids at distances greater than 1 cm from other aphids are excluded from the analysis. That is, only those aphids that are capable of touching one another with their appendages are used in the analysis-the aphids in which the 'reactive tactile envelopes' touch or overlap (Kennedy & Crawley 1967 ). This avoids the spurious result that would follow if all aphids were included. Proportionately more aphids fail to settle close to other aphids at low population densities, hence to include these aphids would disproportionately reduce the proportion in the closer spacings at these densities. The higher the population density the more tightly packed are the aphids, with over 40% of the population at distances of 4 mm or less at the highest population densities recorded in the field. The observations on which this analysis is based were made on six leaves and over a period of 6 weeks, with all leaves initially supporting large numbers of aphids. Therefore, it is possible that the spacing of the aphid could also be influenced by the ageing of the aphids or changes in the nutritive state of the leaves. Observations on the spacing of aphids on twenty-three leaves on the same day show the same progressively higher proportion of aphids 4 mm or less from other aphids on leaves with progressively higher population density ( Fig. 5 ; t = 53, df = 21, P <0 001). The spacing of aphids in this and the previous case, however, could be influenced by differences in the micro-environment associated with the leaves (Dixon & McKay 1970) .
Observations on the spacing of aphids under natural conditions strongly suggest that when the aphid is abundant, the individual aphids are very closely packed together. This contrasts with the situation at low population densities when half the aphids settle further than 1 cm from one another. However, the micro-environments of the leaves, the quality of the food available to the aphid, and the age of the aphid may all have contributed to the relationship between spacing and population density observed in the field.
OBSERVATIONS ON THE SPACING OF SYCAMORE APHIDS UNDER LABORATORY CONDITIONS
Observations on spacing were repeated in the laboratory with adult aphids placed on detached leaves. In this way it was possible to make all the observations over a short As in the field there is an increase in the proportion of adult aphids in the closer spacings as the population density increases (t = 4 1, df = 8, P <00 1). Therefore, population density does influence the spacing of the aphid. Although vision does not seem to play a part in spacing, the antennae do. However, antenna-less aphids still space out although they accept a closer spacing than aphids that possess antennae. Antenna-less aphids use their legs to space themselves.
To determine whether population density affected the spacing of the nymphal instars of the sycamore aphid, observations were made on third instar nymphs. These observations were made in the laboratory over a short period of time on fifteen detached leaves and under constant conditions. The proportion of aphids which settled 4 mm or closer to other aphids is given in Fig. 7 . All aphids which settled at distances greater than 1 cm from other aphids were excluded from the results as in the previous experiments.
As with the adult aphids in the field and laboratory there is an increase in the proportion of third instar nymphs in the closer spacings as the population density increases (t-54, df = 25, P <0 01). Therefore, population density also influences the spacing of the third instar nymphs.
The proportion of third instar aphids 4 mm or less from aphids is significantly greater (Fig. 7) than for adults (Fig. 6; F= 0'4, df = 1/33, P>0 05; F= 30 1, df = 1/34, P<O0O1) . This is possibly associated with the relative sizes of the appendages of these two instars. The length of the antennae of third instar nymphs is 2-4+0 06 mm (n = 22) compared with 4'4 + 0O08 mm (n -12) for the antennae of adult aphids. Therefore, the appendages, and in particular the antennae which reach the furthest of all the appendages are important in determining the spacing.
DISCUSSION
Not all the leaves of a sycamore tree are equally favoured by the sycamore aphid. The extent to which the under-surface of a leaf is brushed against or comes into contact with other leaves, and the degree to which the leaf is shaded from the sun, determines the suitability of a leaf for aphid colonization (Dixon & McKay 1970 ). An aphid which settles close to a group of aphids already settled and feeding is therefore more likely to settle on a leaf or part of a leaf which has a suitable micro-environment. The mutual interaction between aphids in the larger aggregations is a highly efficient warning device and also makes the individual aphid in a group more responsive to the presence of enemies than an isolated aphid and in consequence an aphid in a group is more likely to escape (Dixon 1958 , Dixon & McKay 1970 . In addition to guiding aphids to suitable leaves and serving as a defensive mechanism, gregariousness can also check population growth. Mutual interaction between aphids in a group can result in a reduction of the aphid's reproductive rate. This is most marked when the leaf on which the aphids are feeding is mature (Dixon 1970) .
It is claimed by Kennedy & Crawley (1967) that sycamore aphids settling close to one another impose a shortage of space upon themselves. The intensified mutual stimulation leads to emigration and a reduction in birth rate, and averts mass suicide in a devastated habitat (Kennedy 1969). As already described, many of the leaves of a sycamore tree are not suitable for aphid colonization. However, as the aphid is gregarious it occupies only some of the available leaf area especially at low population densities. Although gregarious, the aphid is more widely spaced at low population densities than at high population densities. If the aphids that settle at distances greater than 1 cm from other aphids are also considered, then the average spacing at low population densities is very much greater than at high population densities. In spacing themselves out in this way mutual stimulation at low population densities is reduced and the depressant effect of gregariousness on population growth is diminished. With increase in population density the individual aphids become more tightly packed, increasing mutual interaction which can reduce the birth rate and/or increase emigration (Dixon 1970) . In this way, at low aphid population densities, the aphid possibly exploits the advantages of gregariousness without imposing restrictions on its own population growth.
Although the sycamore aphid possesses large compound eyes and responds to objects that move when they are some way off (Dixon 1958 
SUMMARY
(1) Observations on the spacing of sycamore aphids in the field suggest that aphids are more closely packed together when there are many aphids on a leaf than when there are few.
(2) In the laboratory as in the field there is an increase in the proportion of aphids spaced at very short distances apart as the population density increases.
(3) Vision does not appear to play a part in spacing; the appendages do. Removal of the antennae results in a closer spacing as the legs, which do not reach so far, then determine the degree of spacing.
(4) It is suggested that the wider spacings at low population densities reduce the depressant effect of gregariousness on population growth. In this way at low aphid population densities the sycamore aphid exploits the advantages of gregariousness without imposing significant restrictions on its own population growth.
